Introduction
The El Niño -Southern Oscillation (ENSO) phenomenon is one of the leading climate signals, not only in the tropics, where it originates, but also in the extratropics, where its manifestation is indirect, and is generally considered in terms of a response to external forcing. The midlatitude response is characterized by a southward shift and zonal extension of the Pacific jet and storm track into the Southwestern US during El Niño (EN), and a northward deflection of the jet and storm track during La Niña (LN; Hoerling and Ting, 1994; Trenberth and Hurrell, 1994; Straus and Shukla, 1997; Compo and Sardeshmukh, 2004; Orlanski, 2005; Eichler and Higgins, 2006) , with corresponding changes in precipitation systems (Schubert et al., 2004b,a; Seager et al., 2005b Seager et al., , 2008 Herweijer et al., 2006; Cook et al., 2007; Seager, 2007) . ENSO also affects the Atlantic and Europe, but the response is not as robust as in the Pacific (e.g. Toniazzo and Scaife, 2006; Greatbatch et al., 2004; Bronnimann, 2007) . The ENSO response also has a zonally symmetric component, with cooler and wetter midlatitudes, along with weaker and more equatorwards midlatitude jets during EN in both hemispheres (Seager et al., 2003 (Seager et al., , 2005a .
Earlier papers discussed the midlatitude response to ENSO in terms of linearly forced stationary extratropical wave trains (e.g. Horel and Wallace, 1891; Hoskins and Karoly, 1981) , but the inherent role of transient eddies in maintaining, and maybe even creating parts of the extratropical response, has since been recognized and demonstrated in a variety of papers (e.g. Held et al., 1989; Hoerling and Ting, 1994) . The emerging picture is one of a direct tropical-subtropical response to ENSO (described in terms of Kelvin and equatorial Rossby waves as in Gill, 1980) , which jump-starts an eddy-mean flow positive feedback in mid-latitudes, in which the anomalies in transient eddies further strengthen the mean flow anomalies through the anomalies in eddy fluxes. Understanding how these eddy anomalies come about, and how they feedback onto the mean flow has been the focus of recent studies of the midlatitude response to ENSO. Straus and Shukla (1997) , and Orlanski (2005) argue that increased baroclinicity in the Eastern Pacific, which is part of the direct response to tropical Pacific heating, is responsible for displacing the storm track southward and extending it eastward in that region. Orlanski (2003 Orlanski ( , 2005 also argues that central to the response is a change in the nonlinear decay stage of eddy life cycles, which is observed to occur (Shapiro et al., 2001; Martius et al., 2007 ; see also Gong et al, 2010) . This paper focuses on a somewhat different mechanism, which involves an anomalous linear refraction of midlatitude transient waves, in response to the tropically driven large scale mean flow anomaly. This tropical modulation of midlatitude eddies (TMME) was examined in detail for the observed zonal mean response in Seager et al. (2003, hereafter S03) . Recently, Seager et al. (2010, hereafter S10) performed a series of short (100 days) General Circulation Model (GCM) experiments, in which an ENSO anomaly is abruptly turned on, and time filtering is used to distinguish between the slower mean flow response, and the high frequency variations which constitute synoptic eddies. Analyzing the output of these runs, along with observations and a linear GCM, they explicitly showed that observed changes in the East Pacific storm track involve systematic changes in transient eddy propagation, consistent with changes in wave refraction.
In this paper, we use the same set of GCM runs, along with a linear quasi-geostrophic (QG) model for the transient eddies, and a linear stationary wave model, to explicitly examine how the directly forced tropical ENSO response affects linear wave refraction over the Eastern Pacific, and how this TMME further acts to setup the observed midlatitude response there.
We first determine the different temporal stages in the circulation response to tropical Pacific SST anomalies in the GCM (Section 2.1) and show the limitations of the stationary waves in explaining this response without transient eddy effects (Section 2.2). We will then introduce the linear quasi-geostrophic model and the various diagnostics (Sections 3.1-3.2) which will be used to diagnose the role of transient eddies and wave-mean flow interaction in the GCM (Section 4 3.3). In Section 3.4 we use the GCM runs to examine the equatorwards refraction during LN.
We discuss the results and conclude in Section 4.
The Circulation Response to tropical Pacific SST anomalies in GCMs and Stationary Wave Models
Since SST anomalies evolve on a monthly to seasonal timescale, and the atmosphere is in quasiequilibrium with the underlying ocean, determining cause and effect is very difficult from observations. We thus turn to controlled model experiments.
Controlled GCM experiments
We use the GCM simulations presented in S10, in which we turn on an ENSO SST anomaly on December 1, run the model for 100 days, and examine the mean response averaged over a 100-member ensemble. The model is the atmospheric NCAR Community Climate Model 3 (Kiehl et al., 1998) . The different ensemble members are initialized from different December 1 st states taken from a long control integration, and for each of these initial conditions, we perform 100 day integrations using climatology, EN, and LN SSTs that differ only in the tropical Pacific SST. The imposed EN anomaly is the regression pattern of the December-February (1949 -2008 Pacific SST anomaly on the NINO3.4 SST index (SST averaged over
corresponding to a +1 standard deviation of the index, and applied between 20 o N − 20 o S. The LN anomaly is taken to be the opposite of that. These SST anomalies, which reach magnitudes of around 1 o K (for EN/LN, so 2 o K for their difference), give rise to the typical observed ENSO precipitation anomalies, similar to Seager et al. (2005a) . The GCM response reproduces quite well many features of the observed response to ENSO (S10). We differentiate between the synoptic transient eddy variability, and a slower and larger scale variability, using a fourth-order Butterworth filter with a 10 day cut-off. The low-pass-filtered data plus the high-pass-filtered 5 data are equal to the original field. We note that the different ensemble runs are created by using the December 1st initial conditions from different years of a long control integration. We use the November data preceding the initial conditions for each of the ensemble members, to calculate the filtered fields at initial times. We will show later on that the initial direct Gill-type response to ENSO is the low frequency response during the first week or so. Figure 1 shows the EN minus LN 250mb zonal mean wind, the 250mb high-pass eddy momentum fluxes and 750mb eddy heat fluxes, from observations (National Centers for Environmental Prediction-National Center for Atmospheric Research Reanalysis) and from the GCM. The observations are determined by compositing the fields for DJF periods for which the three month Nino 3.4 index anomaly was greater than 1 standard deviation (EN) or smaller than -1 standard deviation (LN), while the GCM fields are the 50 − 100 day ensemble means. The eddy fluxes are the low-passed covariances of the high-pass fields. The levels are chosen to reflect the fact that the zonal mean jet and the eddy momentum fluxes peak in the upper troposphere while eddy heat fluxes are maximum in the lower troposphere. We shaded regions where the anomalies are significant at the 95% level, determined using a two-sided t-test, as follows. A given ENSO anomaly A EN − A LN is significant where We see that the GCM captures the main features of the anomalies, with the zonal mean wind anomaly being slightly weaker in the GCM but with very similar shape. The eddy flux anomaly patterns are also well captured, with the largest differences being off the east coast of Siberia (note that the GCM fields are smoother, probably due to the larger averaging sample). Since the zonal mean wind anomaly is strongest in the Eastern half of the Pacific, and we expect the synoptic eddies to be most sensitive to the anomaly there (rather than to the entire zonal mean flow), we perform our analysis for zonal mean flows which are longitudinally averaged over the Eastern half of the Pacific (180 o − 100 o W ). Also shown is the vertically averaged (0.5 − 18.6km) low pass filter of the high pass momentum flux u v , where an overline denotes a time averaging or low pass filtering, the angle brackets denote longitudinal averaging, the prime denotes high pass filtering, and U denotes the low-pass zonal wind u. We show the vertical average since the meridional convergence of this term (with a density weighting which hardly changes the shape of the quantity plotted) is a leading driving term of surface zonal wind anomalies (the barotropic component of the zonal wind). Light and dark shadings represent the 95% and 99% significance levels. We see a few stages in the evolution of these fields. Initially (up to about day 13), the wind anomaly at the surface is confined to the tropics (Figure 2a) , and to the tropics and subtropics at upper levels ( Figure 2b ), and the eddy momentum flux anomalies are confined to the tropic before day 8, when they start emerging in the subtropics (Figure 2c ). The initial low-frequency response, which is confined to the tropical regions, before transient eddies emerge (days 1 − 7), is the direct ENSO response. We note that in S03, we assumed somewhat arbitrarily, that the direct response to ENSO is the zonal mean response between 30 o S − 30 o N , while the response at higher latitudes is eddy driven. Here we objectively disentangle the direct response from all the rest, at least initially. anomalies. By this stage, the variability between individual ensemble members is large and time means are needed for robust statistics, but the slow evolution towards a statistical equilibrium is evident (though a longer integration might be needed to fully capture it).
The purely stationary wave response to tropical SST anomalies
In the previous section we argued that the low frequency response during the first week is the direct response to the ENSO forcing. In this part we verify that this response is indeed part of a tropically diabatically forced stationary wave train, which propagates poleward and eastward (Horel and Wallace, 1891; Hoskins and Karoly, 1981) . We also examine how and when it is modified by transient eddies. To isolate this part of the response, we use the time-dependent linear stationary wave model of Ting and Yu (1998) eddy fluxes on the domain examined are negligible compared to the meridional fluxes (see Held et al., 1989 , for some support of this).
The linear QG model
To determine the effect that a given mean flow anomaly will have on linear wave refraction, we use the linear QG model of S03. Briefly, for specified zonally-symmetric mean flow wind and temperature fields, the model solves the linear forced QG wave equation for geopotential streamfunction. The wave forcing is applied at the surface, and is assumed to be of a single zonal wavenumber. We specify the latitudinal structure of geopotential streamfunction amplitude and phase at the surface, and a constant eastward phase speed. Since we are simulating synoptic baroclinic waves, we also specify a constant exponential growth rate, which can also be thought of as a linear damping on potential vorticity (see Charney and Pedlosky, 1963) . The wave solution also depends on the damping on temperature and momentum, which are assumed to be linear, with coefficients specified to be as small as possible for numerical stability. For more details, as well as the validity and limitations of the model for the present calculation, the reader is referred to S03 (see also Harnik and Lindzen, 2001 ).
We perform the linear QG model calculations as follows. The 100 runs of the GCM are averaged over each day, to obtain ensemble mean EN, LN and climatology runs. Zonal mean wind and temperature fields from each day are used as input for the linear QG model, and the corresponding solution for wave structure is calculated for each day, providing a 100 day record of the wave solution. The linear QG model domain extends higher than the GCM, to avoid downward reflection of waves from the top lid, and a higher resolution is used. Thus the zonal mean GCM fields are interpolated to the linear QG model grid, and are assumed constant with height beyond the top GCM level 1 .
see Orlanski, 2005 , who suggests the EN response is associated with smaller zonal wavenumbers developing in the eastern Pacific).
The implied mean flow changes
Once we obtain the wave momentum and heat flux fields, either from the GCM or from the linear QG model, we can calculate the eddy contributions to mean flow acceleration and warming. We use the zonal mean Transformed Eularian Mean (TEM) equations, in spherical coordinates, and under the QG assumptions. Though the TEM formulation considers the total effect of eddies via an Eliassen-Palm (EP) flux, we distinguish between the effects of eddy heat and momentum fluxes, as was done in S03.
Eddy effects on temperature enter through the TEM vertical velocity w * , which under idealized conditions of steady, conservative, small amplitude waves, is equal to the mean Lagrangian vertical velocity (e.g. Andrews et al., 1987) :
Ts is the static stability with T s a constant reference temperature, Q is diabatic heating, a the earth's radius, and φ is latitude.
Instantaneously, upward flow (positive w * ) will induce cooling, while in steady state, if Q ∝ − T , as in simple Newtonian damping, an upward w * will balance a cold anomaly (negative T ). w * includes a contribution from the eddy heat flux convergence, and the standard Eularian mean w , through which eddy momentum fluxes affect the mean temperature. by eddy heat fluxes. We note that a similar behavior, of momentum fluxes driving the observed geopotential height anomalies while heat fluxes oppose the observed associated temperature anomalies, was also found in the context of monthly PNA patterns Sheng et al. (1998) .
S03 chose to emphasize the effects of the waves on the zonal mean temperature field (though they also examined the zonal momentum budget). Here we choose to emphasize the zonal mean wind field, since it accounts for the barotropic part of the dynamics which is important in the midlatitudes. For this we examine the zonal momentum equation:
The second term on the LHS is the Coriolis effect of the residual mean meridional circulation
, which in steady state balances the eddy flux terms (so at least part of it arises in response to the eddy fluxes). The terms on the RHS are, respectively, the contribution of eddy momentum and heat fluxes, and they add up to the EP flux divergence (∇ · F ). Though we will refer to these terms here as contributions of eddy fluxes to the zonal wind acceleration, we should keep in mind that part of their effect will be directed into driving the mean meridional circulation, so that they represent an upper bound on the eddy contribution to The contribution of heat fluxes, however, is more complex. The anomalous ENSO heat fluxes has a double-peaked vertical structure (not shown), similar to the climatological heat flux (e.g Peixoto and Oort, 1992) . This yields the noisy heat flux-induced acceleration, because of the vertical derivative in Eq. 5 shown in Fig. 4f .
The complex vertical structure of the heat flux-induced accelerations results in large temporal variations in its overall contribution. This is seen in Fig. 5 which shows latitude-time plots of the quantities shown in Fig 4b,d ,f, averaged over 6.4 − 13.3km (400 − 150mb). Also shown (bottom plot) is the sum of the two eddy contributions. The light and dark shadings mark the 95% and 99% significance levels. We see that between 30 o − 70 o N , at all times, the eddy momentum fluxes (Fig. 5b) act to enhance the zonal mean wind anomaly (Fig. 5a) , with acceleration between 30 o − 45 o N and deceleration poleward of that. The heat fluxes, on the other hand (Fig. 5c) , are not as persistent, so that at times they enhance the midlatitude zonal mean wind anomalies, and at times they oppose it. Correspondingly, they are only marginally significant in midlatitudes.
The more persistent momentum fluxes dominate on the whole, so that the total eddy-induced accelerations ( Fig. 5d) 3.3 The role of linear wave refraction in initiating and maintaining the midlatitude anomalies
In this section we explicitly examine how anomalous wave refraction contributes to the mean flow evolution, by examining the wave geometry and by repeating the above analysis using the anomalous fluxes from the linear QG model. Figure 6a shows the EN-LN anomalous basic state U P AC and q y , averaged over days 1-7, taken from the GCM and imposed in the linear QG model. These anomalies represent the initial direct response to ENSO of the Pacific zonal mean flow. We see increased winds and q y in the subtropical upper stratosphere. Figure 6b shows the critical surfaces, where the Pacific zonal mean flow equals the wave phase speed, calculated for EN (solid white contour) and LN (dashed white contour) using a a zonal wavenumber 6 and an angular phase speed corresponding to a period of 4.8 days) 2 . We see that the increased winds during EN move the critical surface slightly equatorwards in the subtropical upper troposphere. Figure 6b also shows the 1−7 day mean QG model meridional wavenumber l for climatology and the corresponding EN-LN anomaly. This quantity represents the effect of the index of refraction on meridional wave propagation, so that waves tend to propagate to higher values of l 2 . Since waves can only propagate in regions of positive l 2 , waves will be reflected from the line of l 2 = 0 (reflecting surface). l 2 also changes sign at the critical surface, where the zonal mean wind equals the zonal phase speed of the waves. At this surface, l 2 becomes infinite, and waves get absorbed in the linear limit or reflected in the nonlinear limit (e.g. Warn and Warn, 1978) . From Fig 6b, the climatological l is bounded by a reflecting surface (l = 0) on the poleward side, and a critical surface on its tropical side, with values increasing towards the subtropical critical surface. We see that the main effect of the EN mean flow anomalies is to shift the critical surface boundary equatorwards in the upper troposphere, resulting in a dipole structure, with a positive l anomaly in the region into which the waveguide expanded, and a weaker, but more expansive, negative anomaly poleward of it. In much of the region, poleward of 40 o N , the waveguide is not much changed. The effect on the waves, however, is non local, and the equatorwards extension of the waveguide results in a small equatorwards shift, along with a slight weakening, of the wave pattern (not shown). anomaly spreading from the tropics into the mid-latitudes. We have used the mean flow anomaly, beginning with the directly tropically forced part, as input for our linear QG model, and the resulting wave-flux anomaly, as calculated from our model, further induces patterns of acceleration and deceleration that match, in mid latitudes (poleward of the critical surface), quite well the tendencies in the Pacific zonal mean flow anomaly in the GCM. This suggests the linear eddy anomalies are able to maintain the mean flow anomalies.
The initial direct ENSO response and its effect on transient eddies

The initial eddy response stage and the TMME mechanism
Next we examine whether this reinforcing eddy behavior holds beyond the initial eddy response stage, and into the subsequent eddy-mean flow interaction stage (day 20 and onwards). Figure 7 shows a time-latitude plot of the vertically averaged (6.2 − 13.1km) momentum and heat flux-induced accelerations, using the anomalous eddy momentum fluxes from the linear QG model. We also show for comparison (Fig. 7a ) the vertically averaged GCM zonal mean wind anomalies, which are used as input for these model calculations. Comparing to Fig. 5, which shows the same quantities calculated from the anomalous GCM ensemble mean eddy fluxes, this indicates what part of the eddy-induced accelerations of the GCM can be accounted for by anomalous wave refraction. Figure 7b shows the eddy momentum flux acceleration has a relatively constant (in time)
The eddy-mean flow interaction stage
latitudinal tripole structure, which tends to spread the subtropical positive U P AC anomaly polewards, thus strengthening its poleward part, and to strengthen the negative midlatitude anomaly between 40 o − 60 o N . This is similar to the GCM eddy momentum flux accelerations (Fig. 5b) , though the eddy-induced accelerations in the GCM are more noisy and extend further poleward
The more poleward extension of deceleration in the GCM may be due to anomalous stationary wave fluxes which arise in response to the ENSO induced mean flow changes, and are absent from the linear QG model. In section 2.2, however, we saw that transient eddies, if anything, act to extend the pure stationary wave response poleward. However, it is possible that the planetary scale low frequency waves extend the eddy-driven response even further poleward, meaning their mutual interaction is important. It is also possible that transient eddy nonlinearities in the GCM act to extend the zonal mean wind anomalies poleward, in line with observations that link ENSO-induced changes in wave breaking to changes in the mean flow (Shapiro et al., 2001; Orlanski, 2003; Martius et al., 2007) . Despite these differences, our results suggest that simple linear refraction can give rise to a positive wave-mean flow feedback in midlatitudes, which can explain a large part of the mean flow anomalies there, but that stationary wave anomalies and nonlinearities which are included in the GCM, but not in the QG model, are needed to fully account for the spreading of the positive U P AC anomalies to high latitudes during EN. Another feature of the QG model, which is in contrast to the GCM and to observations (S03), is that the heat fluxes dominate over momentum fluxes, essentially canceling their effect in midlatitudes, at least during the wave-mean flow interaction stage when anomalies are strong in midlatitudes 3 . This is an unrealistic feature of our model, which might be due to a few reasons.
The ratio between momentum flux convergence and heat flux convergence, which determines the et al., 1980) . The linear QG model also does not account for diabatic processes associated with synoptic activity. Though the effects of diabatic heating, in particular due to moisture, on synoptic eddy fluxes is not well known, they are a source of difference between the GCM and our QG model.
Enhanced wave refraction to the equator during La Niña
An interesting phenomenon which S10 revealed is an enhancement of equatorwards refraction of wave packets from the central Pacific to the equatorial eastern Pacific during LN (e.g. Figures   5-7 of S10 ). This enhanced equatorward refraction during LN, occurs alongside a polewards shift of the main waveguide during LN. An examination of the time evolving wave geometry using the linear QG model explains this as part of the later stages of the response, as follows.
The EN-LN 300mb zonal mean wind anomaly is a tripole pattern, of equatorial deceleration, subtropical acceleration and midlatitude deceleration, which increases in magnitude with time (c.f. Figures 2b, 3b) . This occurs alongside a steady equatorwards shift of the climatological jet (the jet peak moves from about 35 o N to 30 o N ), due to the imposed seasonal cycle. As a result of this southward shift, the climatological critical surface on the equatorwards side of the climatological jet, for the waves examined in the previous section, disappears towards midwinter, as is evident from the ensemble mean 35 − 100 day averaged climatological state (dashed line in Figure 8b ). During EN, equatorial easterly anomalies allow a critical surface to form on the equatorwards side of the jet (Figure 8a ). In contrast, during LN equatorial westerly anomalies make the critical surface disappear (Figure 8c ). This suggests that during LN equatorward wave propagation is enabled more strongly, while during EN it is inhibited. That is, the stronger Walker Circulation during LN allows for equatorwards leaking of midlatitude upper level waves in the region of enhanced westerlies over the eastern tropical Pacific.
Note that at the same time, the midlatitude maximum in meridional wavenumber becomes 22 more pronounced during LN. Based on the meridional wavenumber, we expect the equatorward waves during LN to be shallow, upper level wave packets, and the midlatitude waves to be deep. Figure 8 shows the GCM ensemble mean 35 − 100 day high passed mean meridional wind anomaly (represented by v 2 ), plotted on top of the meridional wavenumber, for EN, climatology and LN. We see indeed that during LN (Figure 8c ) anomalies extend further equatorwards compared to EN and climatology, and that this extension is confined to the upper troposphere, following the meridional waveguide structure quite closely. At the same time, the anomaly strengthens in midlatitudes (compared to climatology and EN), consistent with the more pronounced midlatitude maximum in l. During EN (Figure 8a ), on the other hand, the anomaly center shifts equatorwards (the peak in v 2 extends to 30 o N at around 10km only during EN), and this equatorward extension is deep, again consistent with the wave geometry.
These results further strengthen our finding that the ENSO related changes in wave geometry can explain the observed anomalies in wave structure.
Discussion and conclusions
We have used a series of controlled GCM integrations, in which we abruptly turn on a Pacific SST anomaly consistent with El Niño or La Niña, to examine the time evolution of the atmospheric circulation response to ENSO. Using the ensemble-mean 100 day integrations for El Niño, La Niña and the climatological Pacific SST's, along with a linear QG model to diagnose the eddy structure and fluxes for a given daily mean flow, we are able to obtain an explicit picture of the evolution of wave and mean flow anomalies, as follows. On top of this picture, there is the influence of stationary waves. The ENSO heating anomaly forces a stationary wave train out of the tropics and into midlatitudes. This wave train is concentrated at relatively low latitudes compared to the observed ENSO response. However, as transient eddies change the mean flow, the SW component also changes. Notably, it expands poleward so that the SW anomaly makes a non-negligible contribution at higher latitudes.
We also examine the different roles of eddy heat and momentum fluxes in establishing the mean flow anomalies. S03 found that during EN, anomalous eddy momentum fluxes force an anomalous ascent in midlatitudes, which cools the atmosphere there. Transient eddy heat fluxes, on the other hand, opposed this cooling, but their effect was smaller than that of momentum fluxes. We find a similar behavior in the GCM run when we examine the zonal mean temperature budget of the Pacific sector only. For the zonal momentum budget, we find again, that momentum fluxes quite persistently drive the anomaly, and in the linear QG model, the heat fluxes oppose it. However, in the GCM, the effect of heat fluxes is variable, so that they sometimes strengthen and sometimes oppose the midlatitude wind anomaly, and are only marginally significant. This variable contribution is due to the vertical double-peak structure of eddy heat fluxes. Overall, in the GCM, the momentum fluxes dominate the eddy driving of mean flow anomalies, while in the linear QG model, the heat fluxes dominate. This unrealistic behavior of the QG model is most likely due to the fact that the ratio of momentum to heat fluxes, which is manifest in the EP flux divergence, depends on eddy damping and nonlinearities. Eddy damping is parametrized crudely in the model (though varying the damping did not alter the results), and nonlinearities are completely absent. The QG model tells us how the wave geometry changes as a result of a given mean flow anomaly. The effect of wave geometry changes on the waves yields a realistic qualitative picture of how eddy momentum fluxes, and their corresponding induced acceleration and warming, are affected. The results suggest anomalous linear wave refraction is a central component of the midlatitude response to ENSO. S10 showed that during El Niño, waves propagate along a more southern route, extending to the eastern Pacific and southern North American coast, while during La Niña, most of the waves turn along a more northward route across the Pacific, onto the Northern US and Canada.
How do the present results fit with this picture? The climatological meridional waveguide has two branches, a subtropical one and a high-midlatitude one. During El Niño, the meridional wavenumber evolves so that its southern branch becomes more dominant. The minimum which separates the two waveguides deepens, so that more of the waves are refracted to the southern part. This sets off a positive wave-mean flow feedback which finally makes the southern part clearly dominant (e.g. Figure 8a ). During La Niña, the opposite happens-waves extend more poleward because the minimum separating the two climatological waveguides is weakened, and the waves end up on a more northern route (e.g. Figure 8c ). At the same time, the tropical wind anomalies allow leakage from the subtropical waveguide to the tropics during La Niña, resulting in the observed poleward and equatorwards split in wave propagation.
To conclude, the current work provides a plausible sequence of causality that links tropical 
